ABSTRACT Xylotrechus arvicola Olivier (Coleoptera: Cerambycidae) has become a new expanding pest in grape (Vitis spp.) crops. To better improve control tactics, the consequences of 11 constant (12, 15, 18, 21, 24, 27, 30, 32, 34, 35 and 36ЊC) and nine variable temperatures (with equal mean temperatures at each of the nine constant rates ranging from 15 to 35ЊC) on survival and embryonic development were studied. The eggs were able to complete development at constant temperatures between 15 and 35ЊC, with mortality rates at the extremes of the range of two and 81.5%, respectively. Using variable temperatures a mortality rate of 38.9% at a mean temperature of 15ЊC and 99% at 35ЊC was observed. The range of time for embryonic development was 29.5 d at 15ЊC to 6 d at 32ЊC at constant temperatures, and from 29.6 d at 15ЊC to 7.2 d at 32ЊC at variable temperatures. The goodness-of-Þt of different development models was evaluated for the relationship between the development rate and temperature. The models that gave the best Þt were the Logan type III for constant temperatures and the Briè re for variable temperatures. Optimum temperatures were estimated to be from 31.7 to 32.9ЊC. The models that best described embryo development under natural Þeld conditions were the Logan type III model for constant temperatures (98.7% adjustment) and the Lactin model for variable temperatures (99.2% adjustment). Nonlinear models predicted faster development at constant temperatures and slower development at variable ones when compared with real Þeld development, whereas the linear model always predicted faster development than what actually took place.
The grape is one of the crops that has beneÞted most in the last few years from the introduction of more environmentally sound pest control strategies. Most of them are based on an extensive knowledge of the biology and ecology of the pest species. Thus, to continue this trend, it is of vital importance to generate this information for species that have become pests in recent years, such as Xylotrechus arvicola Olivier (Coleoptera: Cerambycidae), a xylophagous species inhabiting dead wood and decaying trees in many parts of Europe, West Asia and North Africa (Villiers 1978) . In the 1990s it was found in vineyards in La Rioja (Spain) damaging the grape stem and branches (Ocete and Del Tṍo 1996) . Since then, it has rapidly expanded throughout this and other important wine regions, such as Castilla-La Mancha (Rodrṍguez et al. 1997) , Castilla-Leó n (Moreno 2005) and Navarre (Ocete et al. 2002) and endangers one of the key crops in Spain covering Ͼ1.3 million cultivated hectares.
The harm caused by larvae-digging galleries diminishes the plantÕs capacity to transport sap by reducing the vascular area and allowing fungal spread, resulting in less productive berries that degrade wine quality. To the best of our knowledge, it has not been recorded as a pest in any other part of the world, but this species could threaten other wine regions inside, or even beyond, its current area of distribution.
Currently, growers do not have efÞcient control tools against X. arvicola. The available preventive prophylactic measures are ineffective because little is known about the biology of this pest. Adults are present in the Þeld between the end of March and the end of July, with higher population levels at the end of May. Eggs are laid in the cracks of bark, and newly emerged larvae rapidly penetrate the plant. The number of larval instars is not yet known, but may be variable, as occurs with other species of the same family (Adachi 1988) . Low temperature during the last larval instarÕs development induces a diapause. After more than a 1-yr larval growing period, a broader gallery connected to the outside is excavated where larvae molt to pupae. Adults emerge between 20 and 30 d later. Therefore, four developmental stages can occur simultaneously in the Þeld between April and June (Moreno 2005) . Egg-to-adult development in the Þeld lasts 2 yr.
At the time of establishing X. arvicola management strategies, it is of great importance to generate sufÞ-cient basic knowledge about the pest biology and behavior and to focus the control actions on the most exposed developmental stages, in this case, the egg, adult and neonate larvae, as the other stages develop inside of the wood. Predicting the seasonal occurrence of these different developmental stages requires an understanding of insect development, with the temperature being one of the main factors involved. A variety of mathematical models that describe development rates (proportion of developmental stage completed in a day) as a function of temperature have been formulated (Wagner et al. 1984) . These functions range from the classical linear degree-day model to more complex nonlinear models (Sharpe and DeMichele 1977 , Hilbert and Logan 1983 , Lactin et al. 1995 , Briè re et al. 1999 , which differ in parameter number, complexity, and basic assumptions about temperature effects on upper and lower limits. Beck (1983) stated that arthropod development cannot be based solely on constant temperatures, because in natural conditions, the insects are exposed to frequent temperature ßuctuations, and the inßuence on the development can be different than that derived from exposure to constant temperatures. The greater the temperature ßuctuation around a constant mean, the bigger the difference, because of the nonlinearity of development, or Kaufmann effect (Worner 1992) . It is not the duration of the thermal treatment but the change in temperature that causes increases or decreases in the developmental rate compared with that at constant temperatures (Behrens et al. 1983) . Some authors have already described greater developmental rates for the higher temperatures and lesser for the lower temperatures than those obtained with the constant temperatures corresponding to the same mean (Ratte 1985 , Hagstrum and Milliken 1991 , Mironidis and Savopoulou-Soultani 2008 .
Because of its recent status as a pest, the development of X. arvicola has not been investigated yet. Although the effects of temperature on the development of many coleopteran species have been extensively studied, mainly on the Curculionidae (Marco et al. 1997 , Toapanta et al. 2005 and Chrysomelidae (Weston and Dṍaz 2005) families, these kinds of studies are much scarcer in cerambycid species (Keena 2006) .
Given that one of the most vulnerable developmental stages of X. arvicola is the neonate larva, it becomes critical to evaluate the effect of temperature on embryonic development to predict egg hatch in the Þeld. Therefore, the ability of the linear model and the three nonlinear models (Logan type III, Lactin and Briè re) in predicting the embryonic development of this species under constant and ßuctuating temperatures was evaluated and the models were validated under real Þeld conditions.
Materials and Methods
Insects. To obtain adults of X. arvicola, infested grape wood from different commercial vineyards located in Cigales (Valladolid, Spain) were brought to the laboratory in 2005 and kept in 55-by 40-by 35-cm (length-width-depth) plastic containers at 24 Ϯ 1ЊC, 60 Ϯ 5% RH, and a photoperiod of 16:8 (L:D) h. Newly emerged adults (Ͻ24 h) were sexed using the color of the femurs (Moreno 2005) and then were paired (one male and one female), in 12-cm-diameter plastic cylindrical cages with a perforated lid covered with a Þne mesh. Cage bottoms were covered with Þlter paper. Cotton impregnated with a 10% honey solution was provided as a food source and a laying substrate consisting of a 13-by 4-cm (length-breadth) rolled paper also was added to the cage. These adult mating cages were maintained in a growth chamber (Sanyo MLR-350H, Sanyo, Japan) at 24 Ϯ 1ЊC, 60 Ϯ 5% RH, and a photoperiod of 16:8 (L:D) h. If a male died another was added to the cage to allow the female to continue laying eggs.
Laboratory Bioassays. The eggs required for each experimental temperature were obtained by checking the laying substrates of the mating cages described above, daily. Once counted, the egg batches were placed separately in 55-mm-diameter, 14-mm-deep petri dishes that were covered with aluminum foil to ensure hatching in complete darkness. The petri dishes with eggs of the different females laid in the same day (Ͻ24 h) were then introduced in a growth chamber with programmable temperature.
The duration of the embryonic development and survivorship were determined at 11 constant temperatures (12, 15, 18, 21, 24, 27, 30, 32, 34, 35 and 36ЊC) . With the aim of establishing the possible differences in mean developmental time between constant and variable temperatures, nine type-days were constructed where the temperature ßuctuated each hour but with the same mean as at each of the nine constant temperatures between 15 and 35ЊC, and with minimum and maximum temperature maintained between 12 and 36.5ЊC (Fig. 1) .
The variable temperature limits of 12 and 36.5ЊC were established based on the highest lower threshold and the lowest upper threshold calculated respectively by the constant temperature models. The variable temperature curves were constructed according to a daily temperature oscillation (colder in the early morning and warmer in the afternoon) with different mean temperatures and transferred to the growth chamber with the help of the OMRON Multisystem 3.0 program, which controlled the temperature changes established by users.
For each temperature regime the number of eggs used was between 68 and 186 eggs, depending on their availability each day. The eggs were observed twice a day, and hatching and mortality were recorded.
Mathematical models.
The relationship between temperature (T) and developmental rate (r ϭ 1/d), under constant and alternating temperatures was determined by both linear and nonlinear regression models. The empirical nonlinear models were selected because these models are better quantitatively at both high and low temperatures than the traditional degree-day model, and unlike other nonlinear models, these can predict the lower (LT) and upper (UT) temperature threshold for development.
Linear Model. The relationship between T and r was predicted by a regression analysis where r ϭ a ϩ bT; a and b were estimated by least-squares regression. The lower developmental threshold (T 0 ) and the degree-day requirements (DD) were estimated by the equations T 0 ϭ Ϫa/b and DD ϭ 1/b. Logan Type III model. The mathematical expression of this model is a combination of two functions (Hilbert and Logan 1983) . The Þrst function (representing the ascending rate of development with the increasing temperatures) is sigmoid. The second function, developed by Logan et al. (1976) , represents the descending portion of developmental rate with increasing temperatures. The expression of the model is:
where T is the temperature; r (T) is the developmental rate at T temperature; T b is the base temperature (for temperatures below T b , the rate of development presumably equals 0); T m is the lethal maximum temperature threshold (ЊC above T b ); ⌬T is the width of the high-temperature boundary area; and y D are empirical constants. Lactin Model. Lactin et al. (1995) modiÞed the nonlinear model proposed by Logan et al. (1976) to obtain another one, which could estimate the upper temperature threshold. To do this they suppressed the parameter and introduced a new one () that permits this estimation,
where T is the temperature; r (T) is the developmental rate at T temperature; T max is the supraoptimal temperature at which r (T) ϭ ; ⌬ is the range of temperature between T max and the temperature at which r (T) is maximum; describes the acceleration of the function from the LT to optimal temperature and is a parameter that allows the curve to intersect the abscissa at suboptimal temperatures, making possible the estimation of the lower developmental threshold (LT). This parameter represents the asymptote to which the function tends at low temperatures. Brière Model. With the objective of obtaining a more simpliÞed developmental model, Briè re et al.
(1999) developed a model with only three parameters whose expression is:
where T is the temperature; r (T) is the developmental rate at T temperature with a value of 0 for temperatures T Ͻ T 0 and T Ͼ T L ; T 0 is the lower developmental threshold; T L is the upper developmental threshold and a an empirical constant. Statistical Analyses. The effect of temperature on developmental time was determined by using PROC GLM and PROC LSMEANS was used for the least square mean comparisons (SAS Institute 2003). Survival percentages between temperature regimes were compared using the 2 test (Sokal and Rohlf 1995) . The Þt of both the linear and nonlinear models to the developmental rate and the estimation of the different associated parameter values were made with the help of the Tablecurve 2D program (Jandel ScientiÞc 1994). Initial parameter estimation for the nonlinear Logan type III and Lactin models was made following the suggestions of Logan (1988) .
Field Validation. To validate the models estimated in the laboratory, Þeld measurements of embryonic development were made in an experimental vineyard situated at the University of La Rioja in Logroñ o (Spain) during March of 2006. One hundred Þfty recently laid eggs kept inside petri dishes covered with aluminum foil were used. The petri dishes containing the separated egg batches were placed inside of a delta trap kept on the ground, to protect it against the solar radiation and rain. A Datalogger Testostor 175 was put beside the dishes allowing the capture of the mean temperature at half hour intervals. Field temperature during the whole process varied between 8.2 and 35.9ЊC, being colder between 4 and 7 h am and warmer between 14 and 17 h pm every day. An integration of the increments in development each 30-min intervals within the lower and upper developmental temperature limits given by each model was used. Each day, the number of hatched eggs and mortality was recorded.
Results
Survival and Development. Eggs of X. arvicola were capable of complete development at constant and variable temperatures between 15 and 35ЊC (Table 1) . Percentage mortality was low to moderate (Ͻ35%) between 15 and 30ЊC for constant temperatures and between 18 and 27ЊC for variable temperatures. The only exception was the high egg mortality at 27ЊC at constant temperature, possibly because of some kind of uncontrolled methodological problems or egg contamination. The temperature-dependent mortality values increase rapidly at both higher and lower temperatures outside these intervals, with a sharper increase for lower than for higher temperatures. The observed mortality of Ϸ2% at 15ЊC under constant temperatures is much lower than that observed for the same mean under alternating temperatures (38.94%). In the range of temperatures above 30ЊC, the mortality rate is also greater under alternating than under constant temperatures. However, for the proposed variable temperature regimes, the minimal temperature that causes 100% of mortality has not been found. Survival was signiÞcantly different between temperature regimes ( 2 ϭ 79.10; df ϭ 17; P ϭ 0.00). Thus, over the range of temperatures proposed in this work, mortality for this developmental stage Þts a U-shaped pattern for constant temperatures whereas a J-shaped curve describes the mortality for variable temperatures.
The developmental time of the embryonic stage at constant temperatures decreases from almost 30 d at 15ЊC to little Ͼ6 d at 32ЊC (Table 1) . It decreases very sharply when the temperature increases from 15 to 21ЊC, but the fall is much more gradual from 24 to 32ЊC. From this temperature onwards, the developmental time increases up to 7.5 d at 35ЊC. For variable temperatures, mean developmental time is never Ͻ7 d, showing the same behavior as that at constant temperatures, with a gradual decrease till 34ЊC and a later increase for greater temperatures. Nevertheless, mean developmental time at variable temperatures is greater than for constant temperatures in the interval assayed, except for at 18ЊC. Statistically signiÞcant differences (F ϭ 13,205.7; df ϭ 17; P Ͻ 0.001) between constant and alternating temperatures in X. arvicola egg development have been found.
Modeling Embryonic Developmental Rates. The parameter estimates, as well as the adjusted coefÞ-cients of determination are shown in Table 2 for the linear model and in Table 3 for the nonlinear models. The LT and UT were also calculated from the Logan type III and Lactin functions, whereas for the Briere model they are estimated parameters. Considering the characteristics of the linear model it is possible to determine the LT and the DD requirements for the egg development of this species (Table 2) , but not the UT. The adjusted coefÞcients of determination for all nonlinear models were high for both constant and alternating temperatures (R a 2 Ͼ 0.94) (Table 3 ), indicating that these models can describe more of the variation in development rate than the linear model, whose adjustment was lower (R a 2 Ͻ 0.82), especially for constant temperatures as expected. The LTÕs obtained with the linear model (Table 2 ) were much lower than those obtained with the nonlinear models (Table 3) , as a consequence of the reduction in the value of the linear model curve because of the values of the developmental rate at higher temperatures. The data from 15 to 27ЊC are not curved and can be treated as a straight line. The linear regression only on points that are not part of the curve produced a R a 2 ϭ 0.97 and a LT of 11.43ЊC for constant temperatures and a R a 2 ϭ 0.93 and a LT of 10.24ЊC for variable temperatures, respectively ( Table 2) .
The LTs predicted by the nonlinear models were smaller for variable than for constant temperatures even though the differences in the estimates of these models for constant and variable temperatures were greater than with the linear models. The Lactin model is the one that offers the highest values for these estimates for both constant and alternating temperatures (Table 3 ). The optimum estimated temperatures of these models for the embryonic development rate (Fig. 2) were 32.9ЊC in the Logan type III model, 31.3ЊC in the Lactin model and 31.4ЊC in the Briè re model for constant temperatures, while for variable temperature regimes the values were 31.9; 31.8 and 31.7ЊC, respectively. These are the temperatures from which the development rates decrease and in both cases the Logan type III model shows the highest values. The UTs for each model were higher for variable temperatures except for the Lactin model that showed greater values for constant temperature regimes and that showed the greatest values again (Table 3).
The patterns exhibited by the nonlinear models were very similar for all of them (Fig. 2) , showing a sudden decrease in the development rate from the predicted optimum temperature until the UT is reached, whereas for temperatures close to the LT the curves approach zero asymptotically. The development rate function between 18 and 27ЊC Þts a straight line well.
Validating the Models Under Field Conditions. The linear model predicted a faster development than what really happens in the Þeld (around a 12% for constant temperatures and a 7% for alternating) and the nonlinear models predicted a development between 9 and 1.5% faster for constant temperatures and between 1 and 2% slower for variable temperatures.
Discussion
The inßuence of the temperature and its variation on the embryonic development of coleopteran species is well documented (Hagstrum and Milliken 1991 , Marco et al. 1997 , Zilahi-Balogh et al. 2003 . This work has demonstrated that the eggs of X. arvicola could complete their development between 15 and 35ЊC. These temperatures occur in northern Spain during late spring and summer (from March to July), coinciding with adult emergence and egg laying for this species in the Þeld (Moreno 2005) , showing that, among other factors, the eggs seem to be well adapted to those temperature regimes. Keena (2006) studied the effect of temperature in different life cycle parameters of another cerambycid, Anoplophora glabripennis Motschulsky, established in the laboratory from infestations in Illinois and New York, obtaining similar critical egg survivorship temperature thresholds (12 and 34ЊC, respectively) to those observed for X. arvicola in this work. a Number of data points used in the estimation, n ϭ 9.S. b ⌿ and D, empirical constants; ⌬T, width of high temp boundary area; T m , lethal max temp threshold; T b , base temp; , acceleration of the function; , parameter that allows the curve to intersect the abscissa at suboptimal temperatures; T max , supraoptimal temp at which r (T) ϭ ; ⌬, range of temp between T max and the temp at which r (T) is max; a, empirical constant; T L , estimated upper developmental threshold; T o , estimated lower developmental threshold; LT, lower developmental threshold in ЊC; UT, upper developmental threshold in ЊC; R a 2 , adjusted coefÞcient of determination.
The range of temperatures at which a certain developmental stage shows low mortality is intrinsic to the species (Li 1995) , and for every insect stage the curve that relates the mortality with the temperature has a U shape, with low and practically constant mortalities in the range of favorable temperatures and with a high percentage of mortality beyond some critical maximum or minimum temperatures (Smith and Ward 1995) . According to this, the eggs of X. arvicola showed low mortality for the range of constant temperatures between 15 and 30ЊC that increased sharply at both ends of this range, reaching 100% mortality for temperatures at 12 and 36ЊC. However, the range of alternating favorable temperatures was narrower (between 18 and 27ЊC). For 15 and 30ЊC alternating temperature regimes, part of the cycle occurs at 12 and 36ЊC, respectively, temperatures at which no egg survivorship was observed for the corresponding constant regimes. This could explain the increase in egg mortality for those variable temperatures, because it has been reported by other authors that eggs of different species presented lower percent hatching after exposure to temperatures under the critical minimum or over the critical maximum (Lin et al. 1954 , Liu et al. 2002 . Campbell et al. (1974) stated that development rate under variable temperatures should not significantly differ from that observed with constant temperature regimes. Nevertheless, many other authors suggest that the presence of daily temperature cycles plays an important role in the development of many insect species (Fornasari 1995) . In fact, Hagstrum and Milliken (1991) cited 10 coleopteran species and up to 63 species from other families in which the variation of temperature within a day had a marked effect on the duration of development. Howe (1967) pointed out that if varying temperature was represented by a temperature mean, insect eggs hatched before expected for the lower temperatures of the range, approximately in the ex- Our results agree partially to this hypothesis, because under variable temperature regimes the embryonic development of X. arvicola was signiÞcantly slower for temperatures over 21ЊC and faster at 18ЊC, than those obtained under constant temperatures. However, no signiÞcant differences were observed at the higher (35ЊC) and lower (15ЊC) variable temperatures tested. Therefore, the differences in developmental rates between constant and alternating temperatures with the same mean seem to be more dependent on the temperature ßuctu-ation amplitude around this mean than on the temperature itself.
The estimated LT was smaller for alternating than for constant temperatures for the different models used (0.9, 1.5, 1.7, and 3.5ЊC for linear regression and the Lactin, Briè re, and Logan type III nonlinear models, respectively). According to Richards and Suanraksa (1962) , the energy obtained at temperatures greater than the LT made possible the development at alternating temperatures during the periods in which the temperature was lower than this critical point. The estimated UTs also depend on the temperature regime used, the Lactin model predicting a 1.4ЊC drop in this parameter under variable temperatures with respect to the constant one, while the Logan type III and Briè re models predicted an increase of 2.5 and 0.7ЊC, respectively. Nevertheless, all the estimated values for the UT (between 36.2ЊC for Logan type III and 42.3ЊC for Lactin, both at constant temperatures) were greater than the highest temperature at which egg survival was observed (35ЊC), and together with the high variability depending on the model indicate that this parameter needs a more exhaustive study. The optimal embryonic developmental temperature was estimated to be between 30 and 32ЊC depending on the model, and this value is similar for both constant and alternating temperatures. Messenger and Flitters (1959) obtained values of UT, LT and optimal temperature under alternating temperatures 5ЊC lower than those observed with constant temperatures. However, Johnson (1940) found that a daily alternation of temperature with a range of 10ЊC between the threshold and optimum constant temperatures resulted in an acceleration of the embryonic development, indicating a possible higher variable temperature optimum, as also observed by Mironidis and Savopoulou-Soultani (2008) with an almost 5ЊC higher temperature optimum at alternating than at constant temperature regimes.
The Þeld validation conÞrmed a better prediction with the Lactin model, followed by the Briè re model, both constructed with variable temperature regimes, with a development prediction adjustment error of a few hours. The three nonlinear models adjusted with constant temperatures predicted developmental times shorter than measured under Þeld conditions, whereas at alternating temperatures the predicted developmental times were higher than observed. This result may be considered unexpected, because, with the exception of the Lactin model, the estimated lower and higher thresholds with alternating temperatures differed more widely between each other than with constant temperatures and consequently the predicted development with alternating temperatures should be shorter. However, the highest temperature measured during the Þeld validation (35.9ЊC) does not reach the upper developmental thresholds estimated with the nonlinear models. In addition, developmental rates for constant temperatures over 21ЊC were higher than for variable temperatures and, considering that developmental time is more dependent on the higher than on the lower temperatures (Howe 1967, Hagstrum and Milliken 1991) , the models constructed with constant temperatures predicted faster developments than those predicted by the models with alternating temperatures and even faster than development observed in the Þeld.
Linear models of development continue to be widely used for predictions in the practice because their parameters are easily estimated from developmental data and often yield the desired accuracy (Fan et al. 1992) . In this case, the small value of the LT and the lack of UT, result in the worst prediction, with a shortening of the predicted developmental time with respect to Þeld data (12% for constant and 7% for variable temperatures), and consequently the linear model does not appear to be reliable enough to predict what happens in natural conditions. Considering only developmental rate within the straight part of the curve (from 15 to 27ЊC) and ignoring the development data above 27ЊC would lead to invalidate the measures made at different temperatures, which are more important to estimate thermal developmental thresholds.
The prediction of X. arvicola embryonic development together with the corresponding predictions for the other development stages can provide the biological basis to support an effective integrated management program of this pest. Future research should use the nonlinear models because they provide a better Þt of the data and should take into account the differences observed between con- 
